With the rapid development of the marine economy and continuous improvement of the industry, the scale of the offshore engineering is increasing. This raises interest in studying, theoretically and experimentally, gripping and bearing mechanisms for large-scale holding and lifting tools used in foundation pile installations. In this paper, the embedded gripping mechanism is studied based on the theory of elastic-plastic mechanics. The embedded and bearing performance of the tooth is simulated and the influence factors are studied. In addition, the device used in the simplified embedded experiment on the tooth of the embedded block is designed. The relationship between embedded depth, load, and tooth profile angle is identified and validated. Meanwhile, the embedded performance of linear and ring type teeth is compared experimentally in order to select the suitable type of tooth for various situations. This comparison makes the basis for designing an upending gripper for the marine pile foundation, which can realize the operation of holding the pile to prevent its falling.
INTRODUCTION
With the development of economy, the demand for energy increases. The exploitation of offshore oil and wind becomes an important direction of energy development [1, 2] . Underwater installation of marine foundation piles is one of the key technologies used in installation of offshore platforms and wind turbines [3] . Since the marine foundation piles have several characteristic features, such as large diameter, length, and weight, large-scale holding and lifting tools are used for their installation [4] . In this context, it is advisable to study, theoretically and experimentally, gripping and bearing mechanisms for large-scale holding and lifting tools used for installation of foundation piles in offshore areas.
There are numerous foreign large-scale holding and lifting tools, but their specific principles and research methods are seldom available [5, 6, 7] . In China, many domestic scholars have done theoretical and experimental research in this area [8, 9, 10] . The contact pressure and extrusion conditions of the pressing block tooth have been obtained based on the finite element analysis. In 2006, an optimal design was introduced into the structure of the pressing block tooth for underwater skirt pile gripper by some scholars from Harbin Engineering University. In 2007, Liang, F.H. et al. of Tianjin University proposed making a tooth or groove on the piston surface to increase friction. In that paper, the finite element analysis was used to choose the number of hydraulic pressure vats distributed in the pile gripper [11] . In 2008, Jiang, Y.C. et al. of Tianjin University put forward a design of the controlled friction skirt pile gripper, and used ANSYS software to obtain the relationship between stress, strain, and force for different pile diameters and wall thickness [12] . In 2009, Li, H.L. et al. of CNOOC completed the experimental examination of mechanical performance of the clamping block [13] . The ultimate load experiment was concluded with the relation between the clamping force and the maximum lifting force for clamping blocks made of different materials. In 2011, the mechanical model of contact between pressing block teeth and a steel pile was developed by Jiang, P.R. and Fang, X.M. of Harbin Engineering University [14] . The mechanical performance of the pressing block teeth and the steel pile was examined. In 2013, Li, T.Q. of CNOOC worked out the structural design of the suspension tool. He also analyzed variations of the clamping force, which increased with the increase of the angle between the pile and the horizontal plane [15] . The clamping performance of the Pile Pending Device (PPD) was researched by the company IHC in 2015 [16] . The conclusion from their research was that when the number of uniformly distributed wedge assemblies covers more than 50% of the circumference of the base ring, the clamping effect is better [17] .
Up to the present, most researches have focused on the principle and feasibility of large-scale holding and lifting tools, and on contact problems between the pressing block teeth and the steel pile. Another research issue was optimization of pressing block tooth type via the finite element analysis and experimental validation. A few researches investigated damages to the foundation piles and their bearing capacity introduced by the embedded gripping mechanism. In this paper, the damage to the foundation piles is researched in the simplified experiment on the tooth of the embedded block. Moreover, the embedded performance of linear and ring type teeth is compared. The embedding process performed with the embedded gripping mechanism is analyzed using the finite element simulation.
SIMPLIFIED METHOD OF EXPERIMENT ON EMBEDDED BLOCK TOOTH
As Fig. 1 shows, the device used in the simplified experiment on the tooth of the embedded block was designed not only to simulate the force acting between the tooth and the pile, but also to examine the pile deformation and damage.
In practice, the diameter of the pile is very large, compared to the size of the embedded block. Therefore, plates were used in the experiment instead of piles, as shown in Fig. 2 . When measuring the embedded depth, the material of the used plates was Q235, the yield strength of which is relatively low and the embedded depth was larger than that of the pile material. As shown in the figure, different embedded blocks with different types of teeth and tooth profile angles were examined to find the relationship between the embedded performance and the tooth type and profile angle.
During the experiment, the embedded block was placed on the wedge-shaped slider which was installed respectively on both sides of the fixed wedge block, as shown in Fig. 3 .
The plate representing the pile was placed in the main framework to contact with the tooth of the embedded block. The hydraulic jack was installed on the main framework to apply load, which then was measured by the pressure sensor. The embedded depth was calculated by measuring the distance between the wedge-shaped slider and the pile plate before and after the experiment. To extend the range of generality of the results of the experiment, different embedded blocks with different tooth types and profile angles were used.
RESULTS OF THE EXPERIMENT ON EMBEDDED BLOCK TOOTH
As shown in Tab. 1, in the simplified experiment on the tooth of the embedded block, the embedded blocks of the same linear tooth type but with different tooth profile angles were examined under different pressures. The embedded depth corresponding to each load step was recorded. The average value was obtained from the data of several experiments. Finally, the curve representing the relationship between the load and the embedded depth was drawn.
When the tooth profile angle was the same, the load increase resulted in the increase of the embedded block depth. When the load was the same, the increase of the tooth profile angle resulted in the decrease of the embedded block depth, as shown in Fig. 4 . The experimental data shown in Tab. 2 reveal that the embedded depth of the ring type tooth is significantly smaller than that of the linear type tooth. The reason is that the contact length of the ring type tooth is longer than that of the linear type tooth, consequently the damage of the plate is smaller under the same load.
When the parallelism between the tooth and the pile plate was deteriorated in the experiment, the phenomenon of uneven contact occurred. Since the contact trace of the linear type tooth was a straight line, this reduced the phenomenon of uneven contact to a certain extent, as shown in Fig. 6 .
In practice, the plate damage caused by the ring type tooth was small, and the ring type tooth could withstand forces in all directions. In cases when the load changes in various directions, the ring type tooth should be chosen. The ring type tooth is structurally simple and convenient in processing. When the parallelism between the tooth and the pile plate is poor but the direction of load does not change, the linear type tooth should be chosen.
During the experiment, no embedded block breakup was recorded, as shown in Fig. 5 . The indentation of the embedded block for the tooth profile angle of 75° was deep and narrow, while for the angle of 105° it was shallow and wide. In practice, deep and narrow indentation has higher stress concentration, therefore a larger tooth profile angle should be chosen, provided that the bearing load condition is met.
The embedded performance of the linear and ring type teeth was compared experimentally. The embedded blocks with the same tooth profile angles but of different tooth type were examined under the same pressure. The embedded depth corresponding to each load step was recorded. 
ALYSIS AND DISCUSSION ON THE EMBEDDED GRIPPING MECHANISM
The analysis on the embedded mechanism between the embedded block tooth and the pile. The embedded block increased the friction and provided the bearing capacity for the pile by embedding into the pile. The embedded mechanism between the tooth of the embedded block and the pile had the following characteristics: 1) Compared to the size of the pile, the size of the tooth was very small and sharp. 2) The stress in the pile caused by the tooth was larger than the yield strength of the pile, as a consequence of which the tooth embedded into the pile. When the pile was clamped, it formed the interactive compression between the tooth and the pile. Therefore, the pile yielded and the tooth embedded into the pile. With the increase of the embedded depth, the metal of the pile slipped on the face of the tooth and the contact area increased. Once the limit load was reached, the plastic deformation of the pile stopped and the metal stopped slipping. Meanwhile, the tooth stopped embedding into the pile and the process reached the equilibrium state.
The embedding process between the tooth and the pile is a complex contact process. It can be simplified to the plane contact problem. The formula of the embedded depth can be obtained using the slip line method.
As shown in Fig. 7 (a) and (b) , the embedded block with tooth profile angle 2γ was under the pressure N n to embed into the pile. The embedded depth was t, and the normal stress of the contact surface was q. Considering the frictional force of the contact surface, the friction shear stress was k.
Due to the symmetry of the problem, the direction of the pile slip line was determined by examining half of the tooth. AD was the slip line of the area ADC, according to the direction of the maximum principal stress. Then, AO was the slip line of the area AOD, according to the direction of the maximum shear stress.
The average stress on the boundaries AC and AO can be illustrated by the boundary normal stress component σ n , the yield stress of pile material τ s , the angle θ between the slip line and the x-axis, and the angle φ between the boundary normal and the x-axis.
Along with the slip line, the equation can take the form of the Hencky equation:
By considering (1), (2) and (3), the equations can be set up as:
If the slip line is straight, σ, θ, C α , and C β are constant along the line. Consequently, C β1 = C β2 = constant.
Therefore, the equation can take the form:
Based on the known condition, the force equilibrium equation was set up:
where, l OA = l OB = The formula of the embedded depth can be obtained after substituting (5) into (6):
The curved surface shown in Fig. 8 represents the relationship between the embedded depth of the block, the applied load, and the used tooth profile angle.
It reveals that the embedded block depth increases with the increase of load and the decrease of tooth profile angle. This result is consistent with the experiment, on the whole. In order to avoid pile failure and the decrease of ultimate bearing capacity of the tooth caused by improper embedded depth, the embedded blocks with appropriate tooth profile angles should be chosen, and appropriate loads should be applied.
The simulation analysis on the embedding process of embedded block tooth. The embedding process of the tooth Fig. 7. Force diagram between the tooth and the pile   a) b) Fig. 8 . Curve of the embedded depth belongs to the category of nonlinear processes, which not only require advanced and time-consuming calculations, but are also difficult to converge. Therefore, the finite element models of the tooth and the pile were described by plane elements. To improve the calculation accuracy and speed, the mesh was refined at the location where the tooth embedded into the pile, while in other places, a coarsened grid was used. The contact model between the tooth and the pile was established, in which the tooth and the pile were the contact body and the target body for each other. The simulation analysis was carried out with the tooth of the embedded block and the pile. In the simulation, the embedded block with tooth profile angle of 90° was under the pressure of 30 MPa. To find the embedded depth of the tooth, the pile was analyzed separately.
The pile generated elastic deformation at the location where the tooth embedded into it under the applied load. When the elastic deformation reached the maximum, the pile entered the stage of plastic deformation. The elastic and plastic strain regions are shown in Fig. 9 . The region of elastic strain is obviously larger than that of plastic strain. The maximum of elastic strain was 0.0033, and the maximum of plastic strain was 0.495, as shown in the figure.
The equivalent stress of the pile gradually increased along the direction of thickness at the location where the tooth was embedded under the applied load, as shown in Fig. 10 . The equivalent stress reached a maximum of 657.18 MPa and was above the yield strength of the pile material, as a consequence of which the tooth embedded into the pile to the depth of 0.186 mm.
A small axial displacement was subjected to the top of the pile. The ultimate bearing capacity of the tooth was obtained by applying the constraint force in the simulation. It was equal to 313.93 kN under the pressure of 30 MPa.
Similarly, different loads were applied to the embedded blocks with different tooth profile angles to simulate the embedding process. The curved surface of the embedded depth, load, and tooth profile angle obtained from the simulations is shown in Fig. 11 .
Changes of the theoretical value, the simulation value, and the experimental value of the embedded depth were basically the same. However, the experimental value was larger than the theoretical value and the simulation value. The theoretical value, which was studied by the slip line method, was closer to the experimental value. The embedded depth measured in the experiment included not only the deformation of the pile, but also the elastic deformation of the tooth. Besides, the embedded depth was obtained by indirect measurement in the experiment. The measurement errors made the experimental value larger than the theoretical value and the simulation value. Design of the pile upending gripper. During pile installation, the pile upending gripper clamps the pile and turns it from horizontal to vertical position. This reduces difficulties and improves the efficiency of the installation process. When the gripper upends the pile, it clamps the pile to prevent pile dropping.
As shown in Fig. 12 , the pile upending gripper was designed by using the embedded gripping mechanism to increase friction and clamping force. The pile upending gripper includes gripping mechanism, wheel guide mechanism, compacting mechanism, and upending mechanism.
When the pile upending gripper upends the pile, the gripping mechanism clamps the pile in order to prevent pile slipping. The gripping mechanism is mainly composed of clamping jaw, frame connecting jaw, jaw opening hydraulic cylinder, clamping hydraulic cylinders, embedded blocks, boxes, and wheels. The clamping hydraulic cylinder piston rods and the mounting plate of the embedded blocks are in threaded connection. The embedded blocks are uniformly arranged in the groove of the mounting plate, as shown in Fig. 13 .
When the clamping hydraulic cylinders clamp the pile, the blocks embed into the pile. The resistance to bend and shear is produced to increase friction.
CONCLUSIONS
The paper analyses the embedded gripping mechanism and the damage done by it to the foundation piles. Based on that, the pile upending gripper is proposed. The conclusions are as follows: the damage to the foundation piles is very small when using the embedded gripping mechanism which can effectively increase friction. With the increase of load and the decrease of tooth profile angle, the embedded block depth increases. The embedding performance of the linear and ring type teeth is different. Therefore, they should be used in different situations. 
